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ABSTRACT 


BaTiO^ ceramics are conventionally sintered at 1300- 

1400 °C. By liquid phase sintering technique, sintering temper- 

be 

ature was tried to^ reduces and so the cost of preparation. Lower 
temperature sintering allows the usage of alloys, silver 

and nickel electrodes and so the cost of production is reduced 
further. With BaTiO^ + 74 mole % BX20^i26 mole % glass, 

detailed work was carried out by Ramesh Chowdary (10). For the 
investigation, 5 and 13 \i BaTiO^ was used. Reasonably dense 
bodies (greater than 85% of theoretical density) are obtained 
with 10 to 20 wt. % glass additions by sintering at 1000-1050°C. 

In the present investigation, 0.75 and 1 p- BaTiO^ 
powders were used. These powders were sintered with lO wt. % of 
74 mole % 81203:26 mole % 620 ^ (G^) and 60 mole % Bi2O2:40 mole 
% B 2 O 2 (^ 2 ) glasses at 950 °C and 1000 °C for the period from 
6 min to 2 hrs. 1 p, BaTiO^ powder with both and glasses 
showed reasonably dense bodies (greater than 85% of theoretical 
density) by sintering at 1000 °C. 

Various methods of making semiconducting BaTiO^ and of 
coating these grains with an insulating layers were examined 
and successful procedures were established. Room temperature 
dielectric constant of 36000 reaching to 78000 at the Curie 
point have been obtained with 25-30 p BaTiO^ and G 2 coating. 
Reasonably high values of room temperature resistivity with 
little change at Curie temperature, and reasonably good freq- 
uency response of dielectric constant are observed for these 



samples. With Mn addition, even though the room temperature 
dielectric constant value has got reduced to 23000/ very high 
resistivity,/-/- 10^^ ohm-cm, with very little change at Curie 
point observed . Dielectric constant variation with frequency 
has got reduced considerably. 



I . Introduction 

Ferroelectric ceramic materials play a dominant role 
in the capacitor industry. Barium titanate is one of the few 
materials widely used (h capacitors. 

Because of the extensive research, many problems 
associated with the manufacturing of barium titanate were solved. 
At present, more or less, it is possible to produce the material 
to get the required properties. However the cost factor is yet 
to be solved. By reducing the thickness and increasing the 
area, high values of capacitance can be achieved. By producing 
multilayer capacitors (Figure I.l) volumetric efficiency is 
increased. By means of internal boundary layer capacitors the 
efficiency is improved further^ €.ven though* the cost is high 
because Pt and Pd are used as electrodes. 

I.l. Electrode Problems : 

The usability of an electrode material is determined 
by two properties : 

1. Its melting point should be higher than the sinterinc 
temperature . 

2. Its metal/metal oxide equilibrium oxygen vapour 
pressure shoiold be higher than that of oxygen partial pressure 
during firing. 

Higher firing temperature (1350-1400°C ) and the firing 
atmosphere (air) restricts the usability of other materials. 

Some time gold is used as Au-Pd alloy. Silver has a 


lower melting point (961 °C) and transition metals like Ni, Co 
and Fe have low oxygen equilibritim pressinre. 

F’L/ Pd and Au can be replaced either by developing 
ceramics which can be fired in an atmosphere with an oxygen 
partial pressure lower than the equilibrium pressure of one of 
the transition metals at this temperature or by lowering the 
firing temperature below the melting temperatiore of Ag or one 
of the low melting Ag-Pd alloys. 

Mn doping is suitable to sinter the material in 
reducing atmosphere ( 1-4) . This prevents the reduction of 
BaTiO^ and so the oxidation of electrodes. So base metals , 
such as nickel , which have melting temperature higher than the 
sintering temperature can be used. 

1.2. Liquid Phase Sintering : 

By reducing the sintering temperature one gets two 
advantages. From the Ag-Pd phase diagram (5) given in Figure 
(1.2) one can see that 30 Pd-70 Ag alloy can be used if the 
sintering temperature is reduced to 1000-1050®C. If it is 
fiirther reduced (below 950°C), silver alone can beused- More- 
over ^ by reducing the sintering temperature below 1000°C 
nichrome furnaces can be used instead of the expensive high 
temperatiore furnaces. So manufacturing cost can be reduced 
enormously . 

To reduce the sintering temperature liquid phase 
sintering was tried. The sintering temperature is lowered by 
using a transient liquid phase . The liquid phase should 



It should melt at or below 800-900°C. 


ii. It should not react with the dielectric composition. 

. iii. The crystalline phase, formed on cooling, should 

preferably have a relatively high dielectric constant, 
so that the dielectric constant of the composite is 
not greatly reduced. 

iv. The viscosity of the liquid should be low at the 

sintering temperature so that the amount of liquid 
phase needed is kept to a minimum. 

Lead germanate is one such liquid phase (7,8 ) • Park 
( 7 ) has developed dielectric ceramics which can sinter at 800- 
900°C. Ferroelectric nature of the crystalline lead germanate 
(PbgGe^O^^) is the distinct advantage in retaining fairly high 
dielectric constant of the composite. 

Mukherjee and Ravishankar ( 8 ) sintered BaTiO^, using 
0.6 to 1 mole percent of lead germanate, at 1150-1200°C. Above 
1200°C PbO and Ge 02 diffuse into the lattice and due to the 
partial replacement of Ba by Pb, room temperature dielectric 
constant is reduced. The toxic nature of lead and the high 
cost of germaniiom are the other deterrent factors. 

0.5 to 1 mole % CuO was used to reduce the temperature 
to about 1200°C (9). But with excessive addition, the samples 
become conductive and thus useless. 

Effect of Bi 202 ~B 202 glasses rvO-S studied (10) 

It is found out that, with 74 mole % 312^^-26 mole % B 2 O 2 
glass, reasonable densif ication occurs with 10 wt. % glass. 


Better temperature characteristics were observed with upto 



20 wt. % glass addition. For this work 13 p. BaTiO^ + 17 p 
glass and 5 p BaTiO^ + 4 p, glass were used. 

The next possible way to reduce the cost is using IBL 
capacitors. Since the room temperature dielectric constant 
value is , > 20,000 and tan S value is <0.1, very small quantity 
is needed to get large capacitance value . For many applications 
tan6 value is reasonable. If it is possible to do liquid phase 
sintering the cost can be reduced further. 

1.3. Internal Boundary Layer Capacitors: 

This is basically, a semiconducting ferroelectric 
i:*ari‘um titanate grain, surrounded by the non-conducting grain 
surface. The effective dielectric constant value depends on 
^1' '^1' ^2 ^2 ^ stands for dielectric constant and ■ 

cr stands for conductivity of the two media (11). 

The basic problem in the production of IBL capacitor 
is the preparation of semiconductive hariiom titanate with low 
resistivity. The semiconductor is produced either by adding 
small quantity of aliovalent ions or by heat-treating in 
reducing atmosphere. Combination of the two are also not 
uncommon . 

The semiconducting property of BaTiO^ was- first 
reported by Sauer and Flaschen (l2) . Then Saburi (13) reported 
the usefulness of Ce and La for Ba substitution, Nb, Sb and 
Ta for Ti substitution. Thereafter many rare earths like Sm, 
Ga, Ho (14), Sb (15), Y and Sr (16) were found to give good 
properties . 



Mainly carbonate method (15,17) and Bariiom titanyl 
oxalate method (13,18,19) were employed. The dop' nt was 
added as nitrate (14) or as oxalate (13) etc. after formation 
of BaTiO^. Before formation of BaTiO^, it was added in chlaride 
form (17-19). 

Method of preparation, effectiveness of mixing, heat 
treatment procedure, Ba/Ti mole ratio and grain size are the 
important variables in producing good semiconductor BaTiO^. 

With sopie dop^ynt, different concentrations were reported 
to give lowest resistivity value. For example, with La 0.13 M% 

(18) , 0.3 M% (17), 0.35 to 0.45 M% (18) were used to get lowest 
possible sensitivity value. The needed amount depends mainly 
on the degree of mixing. By radioactive tracer technique it 

is found out that in BTO technique, by which the most effective 
mixing is achieved, only 20% of La added goes to the material 

(19) . 

Heating temperature and heating time also play an 
important role in the room temperature resistivity value (17), 

As the heating time is increased the resistivity value is also 
increased (17). Two competing reactions, namely formation of 
Barium vacancies and the formation of oxygen vacancies are 
taking place at the sintering temperature . By increasing the 
heating time the material is allowed to get equilibr ated and 
so the formation of oxygen vacancies to compensate the 
excessive charge. Hence rise in room temperature resis- 

tivity is observed. For the same heating time and different 
temperature^ different dopcyat concentrations are shown to give 



Small excess of either Ba or Ti does not alter the 


properties very much (13,19,20). Small excess of Ti improves 
the semiconductor properties (19,20) . Probable reason is the 
formation of liquid phase at the sintering temperature and so 
the TJiniformity in doping (20). 

Effect of grain size is also studied and it is found 
out that lower the grain size better the semiconductor proper- 
ties (21\ The same relation, namely, lower the initial pelle- 
tization pressure better the conductivity and PTC value, is 
found with the pressure (22). 

1 

Very low values of resistivity, say in 10 ohm-cm 
10 

range (compared to 10 ohm-cm range of pure BaTiO^) and the 
sharp rise in resistivity value at the transition temperature 
(Curie temperature) are the inherent properties of semiconductor 
ibarium titanate. The positive temperature coefficient of resis- 
tance (PTCR) effect depends greatly on the preparation techni- 
que. Normal firing (13,17,18), firing in different atmosphere5 
(17, 23), h^ilogen treatment (24), and doping with Mn etc. 

(25, 26) were employed and their effect on PTCR value was 
studied. Even thoxjgh, the defective grain boundary is proved 
to be necessary (27, 28) to produce PTCR effect, certain 
materials, like B, A1 and Si (26) are found to give decreased 
value of PTCR. 

Various models are proposed to explain the PTCR 
behaviour. Except Saburi's local field mechanism (13, 28) all 
other models are based on the surface defects. Many models 
are just improvements over Heywang's barrier layer model 
(15*29) . 



Briefly, the barrier layer model is (15, 28, 30) 
explained as follows (Figure 1.3). Crystal grains of two diff- 
erent orientations are in contact, their Fermi level equili- 
br ated and so a space charge is set up in the grain boundary. 
This space charge constitutes a potential barrier for conduction 
electrons from the donor doping ions. The barrier width i.e., 
its tailing-off distance into the grains on either side, is a 
function of their dielectric constant. If the dielectric 
constant value is high, the barrier layer is thin and vice 
versa. 

Many properties (15, 31) are explained by this model. 

To explain the remaining properties, various improvements are 
proposed (29) . But still the controversy over the presence of 
defect oV' extra phase on the boundary is not over. By indirect 
methods, like Hall effect measurement (27) , a.c. field behaviour 
(15) etc., the importance of defective surface is proved. But 
by direct observation using electron microscope (29) non- 
existence of defective surface or extra phase is also proved. 

Three types of barrier layer capacitors are produced 
generally (Figure 1.4) (32). First material consists of 

very thin insulating layer on the surface of the semiconductor. 
Here the semiconductor material acts mainly as a mechanical 
support . 

In the second case, during the cooling or post 
treatment period , thin layer of the semiconducting grains are 
converted to an insulating state (33, 36). This mechanism, which 
also plays an important role in PTC materials, leads to 



insulating layers of nearly the same chemical composition as 
the grains. 

In the third case, the grains are coated with an 
insulating second phase. 

Last two types are called grain boundary barrier 
layer capacitors - 

Barrier layer capacitors are mainly produced by 
reoxidation of H 2 reduced semiconductor BaTiO^^^S). To get 
lowest resistivity pure (35)or donor doped (36)BaTi02 or (Ba,Sr) 
TiO^ is reduced at higher temperature, typically 1400 °C and 
an insulating layer is formed at lower reoxidation temperature - 
Reoxidation temperature and the oxygen partial pressure of 
the heat treating atmosphere along with the heat treating time 
determines the thickness of the insulating layer and the 
dielectric constant value. ' 

Grain boundary barrier layer capacitor of first type 
(Figure I. 4b) are produced by one of the following techniques. 

1. Sintering BaTiO^ in H 2 atmosphere at 1450°C to 
produce hexagonal semiconductor BaTiO^, and cooling rapidly 
to 1000 °C to retain the structure, then to room temperature 
slowly. By th±s porous pellets are formed- By reoxidation 
between 650 and 1000 °C thin insulating grain boundary layers 
are found (37). Hexagonal form is chosen because of its low 
dissipation factor and the absence of the Curie point. Since 
the material is porous it is not used commercially. 

2. This method, namely, preparation of thin insula- 
ting layer by metal ion dopant, is commercially used to produce 



GBBL capacitors. First such material was produced by Waku 

(38,39) ^ 2^3 doped to produce semiconductive BaTiO^ 

grain. Grain boundary insulation was accomplished by painting 

onto the faces of the specimen a slurry of the oxide of copper 

or manganese or other metals, or any of 18 other elements or 

their oxides. CuO was found to be one of the most effective. 

TheYeupon many patents were taken (40,41)- Semiconductor 

BaTiO^ of 20-40 |i m grain size and 1 to 2 p, m grain boundary 

thickness gives a dielectric constant value, typically, 20000. 

The true resistivity of the grain boundary material is esti- 

12 

mated to be or 2 - 3 x 10 ohm-cm. Much higher values are 
achieved by selecting Ba(TiSn )02 as the base material and 
Dy202 and CuO as the respective dopants. 

Second type of GBBL capacitors are produced by 
diffusing a glass at around 1000 °C. Such materials of BaTiO^ 
have serious disadvantages like, high loss and poor temperature 
dependence (32,42). But GBBL capacitors of SrTiO^ with PbO- 
Bi202“B202 glass show very good properties (32). This glass 
is selected because of its low melting point and the high 
dielectric constant value of the layered pervoskite type of 
Pb-Bi-Ti compound forming as a thin coating. 

Some general conditions and properties are (36,43): 

1. An effective dielectric constant that, below 
the relaxation frequency range, exceeds the intrinsic value 
by the factor of the ratio of grain dimension to grain 
boundary thickness; above the relaxation frequency it drops 
to the intrinsic value . 



2. An effective resistivity, that at low frequencies 
is smaller than the grain boxindary resistivity by the factor 


of the inverse dimensional ratio and that decreases, above 
the relaxation, to the grain resistivity. 

3- An effective time constant that is the intrinsic RC 


is 

product._^increased by the factor 






Atomic percent silver 



Fig. 1.2 Ag-Pd Phase diagram. 




Fig. 1. 3 Energy band diagram for an equivalent 
n~c~i-c~n representation of barrier 
characteristics in an internal boundary 
layer capacitor 





Insulating surfac'C layers 
formed by reoxidation 

d^ = 2- 20|um 
= 1000 


--Insulating grain boundary 
layers fonricd by diffusion 
cf defects 

d ^ = 0.5 - 2 ju m 
= 500-1000 

b) Internal grain boundary layer 



I 


Semiconducting 



a) Surface layers 



Insulating grain boundary 
layers formed by second 
phases 

d ^ = 0.1 - 2 m m 
K^= 50-300 


Fig 1.4 Different types of barrier layer 
capacitors. Typical values for the 
thickness d.j and the dielectric constant 
K-j of the insulating layers are given 
on the right* 


II. STATEMENT OF THE PROBLEM 


From (10), one can conclude the following: 

1. With 10 wt. % of the 74% Bi202 and 26% 32*^3 9^^®® 
and 1050 to 1100 °C sintering reasonable properties were 
achieved. 

2. For both particle sizes of BaTiO^/ 5 \x and 13 y. , 
the sintering temperature and the amount of glass needed, to 
get reasonable properties are the same. 

In the present work the effect of lower particle size 
( '^1 pm) is investigated. The glass 74% Bi„0-:26% B„0_ (G, ) 

has a melting temperature of approximately 650°C (44) . Effect 
of another glass with more boron and with reasonably good 
dielectric properties on the sintering behaviour of BaTio^ is 
worth investigating. So a glass of 60% Bi202:40% (^2^ 

selected. The dielectric properties of this glass is given in 
Table II. 1) . 

In short, the effect of following variables on densi” 
fication and dielectric properties are studied. 

1. Particle size of BaTiO^, 0.75 and 1 p, 

2. Two glasses and G^ 

3. Sintering temperature, 900, 950 and 1000 °C 

4. Sintering time - 6, 10, 15, 30, 60 and 120 minutes. 

Having studied the effect of glass to reduce the 
sintering temperature of insulator barium titanate, its 
effect on the sintering of the semiconductor BaTiO^ is also 
studied. For this, various methods are tried to dope La to 



produce good reproducable semiconductor BaTiO^ and their 
final properties are studied. Addition of an acceptor type 
impurity, Mn, and its effect is also studied. Bulk diffusion 
y ■4 grain surface coatings are tried and the final properties 
are studied. In all the cases, the effect of glass addition 
and the dielectric properties of sintered products are 


examined . 



Table II. 1 


Dielectric Properties of Bi202-B202 Glasses 


(Dielectric constant at room temperature and resistivity (ohm-cm) 
at IBO^C and 230 °C) 


Glass 

No. 

Composition 
mole % 

Dielectric constant 

100 tan6 



J^130 

" 230 






7 




(xlO^^ ) 

(xlO^^) 


i 

i 


10-^ 

10 

10^ 

9 .6x 

10^ 

9. 6x 



BjOj 




9 

10^ 


lo" 

ohm-cm 

ohm-cm 


f 

i 

( 

i 


c/s 

c/s 

- 

c/s 

c/s 

c/s 

c/s 



19 

26 

74 

14.1 

13.9 

13.6 

10.3 

0.13 

0.84 

34 

340 

25 

32 

68 

21.8 

21.8 

21.4 

16.1 

0.15 

1.24 

6.4 

10 

26 

40 

60 

28.0 

28.0 

26 . 6 

19.1 

0.14 

2.88 

1.3 

5.9 

27 

46 

54 

31.0 

31 .1 

29.8 

22.1 

0.18 

3.29 

0.55 

0.70 

22 

54 

46 

31.1 

31.1 

29,9 

21.5 

0.32 

2.41 

0.16 

0.25 

60 

60 

40 

37.6 

37.1 

36.2 

24.3 

0.22 

1.72 

0.023 

0.042 

28 

66 

34 

38.8 

38.7 

36 . 5 

26.6 

0.22 

1.98 

0.013 

0.022 

29. 

74 

26, 

42.5 

42.5 

41.2 

31.1 

0.21 

1.90 

0.0017 

0.0058 




III. Experimental Procedure 


111.1. Sample Preparation: 

1 1 1. 1.1. Raw materials: 

Raw materials used were (all of them are AR grade, 
more than 99 percent purity) barium carbonate (Reanal, Hungary), 
titanium dioxide (Baker Analysed Reagent, U.S.A.), boric acid 
(Sarabhai Chemicals, India), bismuth oxide (Mayfair and Raydon, 
England), barium chloride (British Drug Houses, India), oxalic 
acid (British Drug Houses, India), titanium tetrachloride 
(Riedel-De Haen Ag Seelze-Hannover , Germany), lanthanum oxide 
(Indian Rare Earths Ltd. , India) and Manganese oarhonate 
(Baiter Analysed Reagent, U.S.A. ). 

111. 1.2. Preparation of barium titanate : 

Two different methods, namely carbonate and barium 
titanyl oxalate methods, were employed to prepare barium titanate. 

III. 1.2.1. Carbonate method: 

III. 1.2. la. Barium titanate formation: 

1:1.03 BaCO^ and (45) powders were mixed in acetone 

media using Fritsh pulveriser in c-gate jar using &.gate balls 
for 4 to 5 hrs . In the pulverizer, four agate jars. are fixed 
on a rotating wheel. Each jar is fixed in such a way, that 
while the wheel is rotating, the jar also rotates but with a 
Spin. Agate balls, of 1" dia and l/4" dia, are used to grind 
the material. By the combination of rotation and spin the 



efficiency of breaking the particle is improved. Every time 
100 gms of the mixture was taken. The mixed powder was then 
compacted at 4 tonnes of pressure using a hydraulic press to 
improve reaction during calcination. Calcination was carried 
out in an alumina crucible at 1200°C for 6 hrs . After calci- 
nation the material was pulverized for 48 hrs. in water media 
using Fritsh pulveriser. The fine powder was repeatedly washed 
to remove Ba2Ti0^ phase using distilled water (46). The 
operation was carried out till the pH of the filtrate shows 
7.2 to 7.4. These washings were done to remove Ba(0H)2 which 
forms' as a by-product of Ba^TiO^ and reaction (45). 

Ba 2 TiO^ + H 2 O — > BaTiO^ + Ba(OH )2 (Eq. 1) 

III. 1.2. lb. Grinding: 

To get 4 q BaTiO^ wet grinding was employed using 
Fritsh pulveriser. Then to get, 0.65 to 0.82 |j, BaTiO^ dry 
grinding wae employed using Fritsh pulveriser (Ultrasonic vib- 
rator). Agate jar and ball were used. Every time around 6 
gms of powder was ground for 13 hrs. To get 0.82 to 1.2 y, 
BaTiO^ powder, 6 gms of powder was ground for 6 hrs. 

111.1.2.1c. Formation of semiconductor barium titanate: 

Two different procedures were tried. 

III. 1.2. Id. Mixing with BaCO^ + Ti02 powder: 

A stock solution of lanthanxim nitrate was prepared by 
reacting lanthanum oxide with concentrated nitric acid. First, 
the amount of La 202 present in the La 202 .xH 20 powder was 



determined by TG and chemical analysis (Appendix I ) . By both 
methods it was found that 86% of the material is La 202 end the 
remaining is water. So after correcting to 86%, 1.7135 gm of 
La 202 .xH 20 powder was dissolved in concentrated nitric acid. 

The solution was slowly evaporated to remove excess nitric acid 
Twice or thrice distilled water was added to the remaining 
powder and the solution was reevaporated- This La(N02)2*^2^ 
powder was dissolved in 100 ml of distilled water, using a. 
standard flask. This solution was kept as stock solution. 

The amount of solution to be added to the BaCO^ + Ti02 mixture 
was calculated for different concentration^of dopants. For 
example, for 0.3 mole % of La addition, the amount added to 
the 25 gm of BaCO^ + Ti02 mixture was 3.5 ml. 

After adding lanthanum, nitrate to the BaCO^ + Ti02 
mixture , the powders were mixed thoroughly in Fritsh pulverizer 
for 12 to 15 hrs. in acetone media. The dried mixture was 
made into cakes using 4 tonnes of pressure. The mixture was 
heat treated, at 150°C for 2 to 3 hrs. to dissociate La(N02)2 
and to form La 202 , either before forming cakes or after forming 

The cakes with 0.3, 0.4, 0.5 and 0.6 mole % of La 
were subjected to different heat treatment shedules to find 
out the resistivity value. They were heat treated first at 
1250°C, 1300°C and 1325°C for 3 hrs. and it was found that 
1300°C heat treatment yielded uniform blue coluration. So, 
they were subjected to 1300°C/0, 1, 2, 3, 4 and S hrs. heat 
treatments. Among them 0.4 mole % La doped sample heat 
treated at 1300°C/5 hrs. gave \aniform blue colouratioh. 



The resistivity value was found by using In-Hg 

electrode ( 47 ). Mercury dipped Indium metal was firmly rubbed 

on both faces and the resistence value was found using a multi- 

0 

meter. Using the standard formula = R j ohm-cm/ where 

& . . • .2 
i - resistivity/ R - resistance, A - area in cm and 1 - thick- 
ness in cm, the resistivity value was calculated. The above 
mentioned sample had ? = 3.07 x 10^ ohm-cm. But since the 
value is high and the reproducibility is very poor this method 
vjas dropped altogether. 


III.1.2.1e. Mixing with 1:1.03 BaTiO^: 

BaTiO^ is prepared by calcining the mixture of 1:1.03 
of BaC02:Ti02 mixture using the procedure given in Section 
III. 1 .2.1a. 


With 4 ja, BaTiO^ powder, lanthanum was mixed as follows. 
0.406 gms of 1^202. XH 2 O was used to form lanthanum chloride 
solution. Lanthanum oxide was treated with concentrated 
hydrochloric acid and the excess acid was evaporated 
repeated addition of distilled water. The lanthanum chloride 


powder was then dissolved in water and the solution was made 

a. 


up to 100 ml using standard flask. From this stock solution 

A 

necessary amount of solution was pipetted out. For example, 
to add 0.4 mole % La to 5 gms BaTiO^/ 4 ml of solution was used. 

BaTiO^ after adding La solution was made into slurry 
by vigorous stirring after adding 50 ml of water. After 
5 minutes of mixing concentrated ammonia solution was added 
slowly. Lanthanum hydroxide was formed and by stirring for 
5 more minutes it was mixed thoroughly. The powder was filtered 


out and lightly washed to remove excess ammonia (22) . The 

powder was oven dried and made into cakes by applying 4 tonnes 

a. 

of pressure using hydraulic press. Using an alumina crucible 
the cakes were heat treated - 

The cakes with 0.3/ 0.4 and 0.5 mole % of La were heat 
treated to 1350°C/1 hr. and 1400°C/1 hr. using alumina cruci- 
bles. 0.4 mole % La and 1400°C/1 hr. treatment gave lowest 
room temperature resistivity value, = 400 ohm-cm. For 
consistency, at least four batches were prepared and resisti- 
vity values were checked. The maxim\am value obtained was P = 
450 ohm-cm. So these samples were used for further sintering 
experiments . 


I I I. 1.2. 2. Barium titanyl oxalate method: 

Semiconductor BaTiO^ alone was prepared by this method. 

a 

Desired quantities were taken for ^30 gm batch. Same procedure 
as reported by ClabciUfii et al. (48) was used here also. 

Titanium tetrachloride was diluted using deionized 
water with the help of ice bath- 250 ml of TiCl^ was added to 
250 ml of water and that was further diluted to 1250 ml. The 
concentration of TiCl^ was found out to be 0.223 gms per ml. 
(Appendix I). 

The following amounts were taken to prepare 0.3% La 
doped BTO : 

1. 23.125 gm of oxalic acid was dissolved in 125 ml of water - 

2. 71.03 ml of TiCl^ solution was taken. 

3. 9.35 ml of La chloride solution (III.1.2.1e) was pipetted 


out 



4 


. 20.559 gms of BaCl22H20 was dissolved in 200 ml of water. 

2 , 3 and 4 were mixed (18)- This solution was slowly dripped 
into oxalic acid which was vigorously stirred and maintained 
at 80 to 83°C. While flocculent precipitate was formed, as 
soon as the BaCl 2 - 2 H 20 + TiCl^ mixture touched the oxalic acid, 
and redissolved. After 10 to 15 minutes white precipitate 
started forming . As soon as the reaction is over the salt was 
separated (l^) and washed with hot water (80 to 85°C) repea- 
tedly to remove excess oxalic acid, and to avoid low temper- 
ature unwanted reactions (IS). Then it was washed with acetone ct 
few timffi to The powder was dried 

in oven . 

A 

Formation of BaTiO^ was carried out at 900°C/1 hr, 
using a platinum crucible (22). Then cakes were formed by 
4 tonnes of pressure in a hydraulic press and they 
were heat treated at 14009'1 hr using a Zr 02 crucible. 

By this method 0.2 mole % and 0,3 mole % of La added 
samples were prepared. 

III. 1.2. 3, Manganese addition: 

Two different techniques were employed. 

III. 1.2. 3.1. Simultaneous addition with La: 

In case of 0.4 p, , 1:1.03 BaTiO^ along with lanthanum 
chloride, manganese chloride was also added in the required 
quantity. Manganese oxicte was treated with concentrated HCl 
and manganese chloride was prepared. This was diluted to 
0.00308 gms of Mn/ml concentration. 



0.4 mole % La and 0.05 mole % Mn were simultaneously 
added to the slurry and the hydroxides were precipitated by 
ammonia addition. The cakes were heat treated at 1400°C/1 hr. 

In case of BTO, 0.02 mole % of Mn and 0.3 mole % La 
were added to BaCl 2 * 2 H 20 + TiCl^ mixture and the reaction was 
carried out. 

111,1.2.3.2. Separate addition: 

In both cases , semiconductor powder was prepared as a 
slurry and then Mn solution was added. Manganese hydroxide 
was precipitated and the cakes were heat treated at 1200°C/1 hr. 

III. 1.3. Preparation of glass: 

Two different compositions of glasses were prepared. 

20 gm batches of 74 pet. Bi 202 / 26 pet. B 2 O 2 (^ 3 ^) 60 pet. 

Bi 202 / 40 pet. 820 ^ (*^ 2 ^ were prepared as follows. Required 
amount of Bi 202 and H^BO^ were measured and mixed in an agate 
mortar using acetone. The dried mixtures were heated in 
alumina crucibles to 750°C. Then the molten glass was poured 
into a tray containing distilled water. The glass pieces were 
collected and grounded in Fritch pulveriser (ultrasonic 
vibrator) for 6 hrs . The final particle sizes were measured 
as 4 using Fisher subsieve sizer. 

The concentrations were cross checked by chemical 
analysis. 

For and G 2 glasses the chemical analysis values 
for Bi 202 are 73.8% and 59.6% respectively (Appendix I). 



111. 1.4. Preparation of samples for liquid phase sintering: 

III. 1.4.1. Insulator BaTiO^: 

Four different samples were prepared'. Two jjarticle 
sizes (0.75 and 1 p.) with two glasses and G^. Each 
time 5 to 6 gms of BaTiO^ powder was mixed with 10 wt. % of 
glass using acetone in agate mortar for about 30 minutes. The 
mixture was bv: i::xd into discs using 3/8" dia die, after mixing it 
with PVA binder. Pressing was carried out using Birnco double 
acting automatic hydraulic press at 8 tonnes of pressure . The 
thickness of the pellets w£cs maintained between 1 to 1.5 mm. 

1 1 1. 1.4. 2. Semiconductor BaTiO^: 

Different semiconductor powders were used. As expl- 
ained above, they were mixed with 10 wt. % of glass and pressed 
into 3/8" dia discs. Few pellets were pressed using hand 
operated hydraulic press at 2.5 tonnes of pressure. 

111 .1.5. Liquid phase sintering : 

A giobar horizontal tube furnace was used to sinter 
the samples . Samples v/ere stocked in two alumina boats which 
were connected to each other. The boats were pulled by a 

f-Lsi. 

stainless steel rod from one end to, other end. Constant temp- 

k 

erature zone was found out and the first boat was pulled to 

that place in 1 hr. 45 minutes. The next boat at that time 
Hs>- 

would be in heating zone. After the set soaking period the 
K 

next boat was pulled to the soaking zone in 1 hr. The first 

ifia 

boat by this time came to cooling zone. After the set soaking 

K 

period, the boats were pulled out of the furnace in 2 hrs. 



The heating and cooling rates were maintained 10°C/min. for 
950°C treatment and 10.5°C/min. for 1000°C treatment. The 
boats were pulled approximately 1 cm per every 3 minutes. 
Soaking time was varied as 6, 10, 15, 30, 60 and 120 minutes. 

In the case of semiconductor pellets, few sinterings 
were carried out at 1100°C, 1200°C and 1250°C. These experi- 

a 

ments were carried out using, g lobar muffle furnace. The set 

rc 

temperature was achieved in Sh to 6 hrs. period- After iieces- 

off 

asijcj heating the furnace was switched^and allowed to cool to 
the room temperature before removing the sintered samples. 

Some semiconductor pellets were flash fired (FF). 

In the horizontal furnace, the boat was pulled to soaking zone 
in 1/2 to 1 minute and after allowing soaking tirre, it was 
pulled out in 1/2 to 1 minute. Within 3 to 5 minutes the 
samples attained the room temperature . 

For higher temperature (1100°C, 1200°c etc.) flash 
firing, muff le furnace was used. After heating the furnace to 
the set temperature, the alumina crucibles with the samples 
were lowered into the furnace. After specified heating time, 
the samples were taken out. Within 3 to 5 minutes, temperature 
came down to room temperature value. 

Some semiconductor samples were sintered in N 2 atmos- 
phere. 1/2 m length, one end closed, alumina tube was used 
for this puirpose. Open end was closed with copper flanges. 

A stainless steel tuibe of 1/2 m length was introduced to 3/4th 
of the length of alumina tube through the top flange. This 
well sealed tube wasufied as gas inlet. Outlet was provided in 
the bottom flange. Samples were kept in a small alumina 



crucible and the crucible was lowered to the bottom o£ the 
alumina tube. After providing gas connections ^ the tube was 
slowly introduced inside the horizontal furnace. In one hour, 
the bottom portion was pushed to soaking zone . After the 
soaking period, the tube was pulled out in 1 hr. period. The 
rate of pulling and pushing was 5 cms per 12 minutes. 

III. 2. Characterisation: 

III. 2.1. Thermal Analysis: 

Simultaneous DTA, DTG and TG studies were carried 
out on 13203 . xH^O sample using MOM Derivatograph. By this, 
the amount of present in the commercially available 

lanthanum oxide powder was determined. The instrument para- 
meters are given in Table III.l. 

Table III.l: Instrument Parameters of Derivatograph 


X , 

Heating rate : 

5°C/min. 

2 . 

Reference sample : 

Alumina powder 

3. 

Sensitivity of DTA : 

1/5 


DTG : 

1/100 

4. 

Maximum temperature : 

1000°C 

5. 

Amount of sample : 

1.732 gms. 



III. 2. 2. Density Measurements: 


Geometrical densities were measured. The pellets 
were weighed (w) in a Mettler single pan, electric balance. 

The volume (V) was calculated by measuring thickness and dia- 
meter of the samples using screw gauge. Density was calculated 
as (W/V). Average value, of three measurements, was reported 
as density. 

III. 2. 3. Microstructural Observation: 

Samples were mounted in a thermosetting plastic such 
that one face of the disc was exposed. They were polished 
using silicon carbide powder, over a glass plate, in liquid 
paraffin media. They were polished successively on 600 and 
800 mesh size SiC powders. Then they were polished on a 
rotating cloth using diamond paste for 24 hrs , The polished 
sanples were etched approximately for 30 seconds with a solu- 
tion containing 5 pet. HCl and 0.5% HF (49 ). The micros tructure 
was observed under a Carl Zeiss NU 20 microscope using refl- 
ected light. Microstructural study of sintered discs was 
used to examine the thoroughness of glass coating over the 
BaTiO^ grains and the effect of sintering time and temperature 
on microstructure development. 

Grain size raeasurement was carried out using the 
same microscope. For the following microscope settings 
filar micrometer eye-piece was precalibrated. 


Eye -piece 

— 

15X 

Objective 


25X 


Zooralelis dia 


12.5 



It was found that each division o«n thne sjpiiiKfcjte oE 

tBies rmi .ccronED&ter corresponds to 0.417 mlcrons. 

Apcproximately 125 grains were measured annd frrooj thrte 
s-taatds- tllcsaL distribution average grain size irfss dfleteimninneffl., 

. K-ray Diffraction Studies: 

To determine the phases present, X-ran • cH-ftfr'acctL-on 
pat .terms 5 w*e re taken with Philips X— ray diff ractcoaetecr (Tip'oe 
PM 177300^10*) and the instrument parameters t, re gi" vesn it 
Tab ole: nil. 2, 


Table I II. 2 

nnst: rauent parameters for X-ray diffraction sfri;u»di_e»5 

RSacdUat.ion CuK with Wi fi ihter 

a 


E)=<cdt_at:ioon voltage 

130 O 

IX— rap a:rr»ent 

220 itriA 

BL.ver lanft lilit 

:i' 

:£coOair sllil»t for incident beam 

WR 

SolIla_r slliiH; for diffracted beam 

HEIR 

ffiettec icor sdit 

in‘ 

Sc=ar~in_lnDg sgieed 

S2V"iJ»inn, 

Ch..aErt sspeed 

S2 cai/itnlnii, 

Bi.me ocoonstant 

454 ee ^c.-. 

Ra.nge 

4B0a 


By these patterns, the purity of calcine- d BaLlOj 


powfieir, tche different reaction products in the s inntereedB, qllla ss 



added BaTiO^ , relative amount of the different phases with 
respect to sintering time and temperatures were studied. 

Sintered pellets were fixed on an aluminum specimen 
holder, provided with the instrument. Top surface of the 
pellet is aligned with the top surface of the specimen holder. 
By adjusting the slit width etc.. X-rays are made to fall only 
on the specimen. The calcined material was studied in powder 
form. 

Ill -2. 5. Capacitance Vs. Teiiiper--itiiie Measurement : 

Capacitance and dissipation factor were measured 
using GR-1620 A capacitance bridge assembly at 1 KHz and 0.3 V. 
Flat, fire skin removed discs were electroded with air dry 
silver paint, after measuring thickness. Electroded area was 
calculated using a transparent graph sheet. 

Schematic representation of the high temperature 
sample holder is given in Figure III.l. The details are 
described earlier ( 10 ) . 

Ill . 2 . 6 . Capacitance Vs . Frequency Measurements : 

Using 1311 A oscillator unit, with the help of 
GR 1620 A capacitance bridge, the frequency dependence of 
dielectric properties of the samples wa.S meas'ured. Frequency 
was varied from 1 KHz to 100 KHz at 0.3 V. The semiconductor 
samples were electroded with In-Hg electrode C'47) and mounted 
in the sample holder Okw in Section III. 2. 5. 



III. 2-7- 


Resia tdvity Vs, Te2r..peratiire Measurements: 


Using the sample holder of Section 111-2-5/ and 
GR 1320 A D-C. amplifier and Electrometer assembly, resistance 
vs- temperature values were measured. Using the standard 
formula resistivity values were calculated. 





IV. RESULTS AND DISCUSSION 


IV. 1. Insulator BaTiO^: 

As mentioned in earlier portions / detailed work on 
5 p, and 13 p BaTiO^ with 74 mole % Bi^O^:26 mole % 020^ glass 
(G^ glass) was done by Raraesh Chowdary (10). Glass composition 
was varied from 0.4 wt. % to 40 wt. % and the sintering expe- 
riments were carried out from 850°C to 1200°C. Optimum proper- 
ties were obtained with 10 wt. % glass addition for 1000 °C to 
1050 °C sintering. By X-ray diffraction studies ^ presence of 
BaBi^Ti^O^^ in all sintered samples was confirmed- Based on 
the amount present in different samples heat treated at diff- 
erent temperature/ and on microstructural behaviour/ a theory 
of donsification was proposed after performing many confir- 
matory experiments. 

Effect of smaller particles of BaTiO^ with fixed 
composition of glass (10 wt. %) and the effect of another 
glass on these smaller particles were investigated and the 
results are discussed here. 

IV ,1.1. Density : 

Pellets formed with 0,75 p and 1 p BaTiO^ powder/ 
as mentioned in Section III. 1. 4 ,1, were sintered at 900 °C/ 

950°C and 1000°C for 6, 10, 15/ 30/ 60 and 120 minutes^ as 
mentioned in Section III. 1.5. Por all samples geometric 
density was calculated. Since 900 °C treated samples showed 



IV. RESULTS AND DISCUSSION 


IV. 1. Insulator BaTiO^: 

As mentioned in earlier portions/ detailed work, on 
5 |i and 13 p BaTiO^ with 74 mole % 3120^: 26 mole % ^ 2^3 
(G^ glass) was done by Raraesh Chowdary (lO). Glass composition 
was varied from 0.4 wt. % to 40 wt. % and the sintering expe- 
riments were carried out from 850 ®C to 1200°C. Optimum proper- 
ties were obtained with 10 wt. % glass addition for 1000 °C to 
1050 °C sintering. By X-ray diffraction studies/ presence of 
BaBi^Ti^O^^ in all sintered samples was confirmed. Based on 
the amount present in different samples heat treated at diff- 
erent temperature/ and on microstructural behaviour/ a theory 
of densification was proposed after performing many confir- 
matory experiments. 

Effect of smaller particles of BaTio^ with fixed 
composition of glass (10 wt. %) and the effect of another 
glass on these smaller particles were investigated and the 
results are discussed here. 

IV, 1.1. Density; 

Pellets formed with 0,75 |j, and 1 p, BaTiO^ powder, 
as mentioned in Section 111.1.4,1, were sintered at 900°C/ 

950°C and 1000°C for 6, 10, 15, 30, 60 and 120 minutes, as 
mentioned in Section III. 1.5. For all samples geometric 
density was calculated. Since 900 °C treated sarrples showed 
very low values, they are not discussed further. 



From Figures IV. 1 and IV. 2 following results are 

derived. 

1- 0.75 p, particles show poorer densif ication at 

both temperatures, 950 °C and 1000 °C, with both glasses compared 
to 1 ij, particles. 

2. Ip. particles sintered at 1000 °C have ^85% of 
theoretical density for both glass additions. With glass 
the densif ication is relatively independent of time. 

IV . 1 , 2 . Microstructural Observation : 

Samples sintered at 950°C/1 hr, 2h and 1000 °C/6 min, 

15 min and 1 h were polished as mentioned in Section III. 2. 3. ■ 

Microstructures were observed for ail samples. Samples sint- 

o. 

ered at 950 C/1 h and 2 h, 1000 °C/6 min did not have^well 
developed micro structure. 

Remaining samples showed better structure and the 
grain/agglomerate sizes were measured. Results are provided 
in Table IV. 0. 

Table IV. 0 

Average grain/agglomerato size values of various samples 


Heat 

treatment 

0.75 pi BaTiO^ 

+ 10 wt. % 

0.75 p BaTiO^ 

+ 10 wt. % G 2 

1 p + BaTiC^ 
10 wt.% G^ 

1 

10% 

4 BaTi 

,^2 

1000 °C/ 

2-3 pi 

8-12 p 


5-7 p 

5-7 


15 min 

(0. 5-1.0 pi) 

(2-2.5 

n) 

(2-2,5 p) 

(1.5- 

-2. 5 pi 

1000 °c/ 

3-5 p. 

6-8 p 


5-7 p 

5-7 


1 h 

(0.4 —0 .8 p ) & 
(2-2.5 p) 

(2-2.5 


(2-2.5 p ) 

(1.5- 

“2.5 p! 


Values appeared inside the brackets are glass thickness. 


IV. 1.3. Densif ication Mechanism: 

Generally three stages of densif ication occur in 
liquid phase sintering corresponding to three mechanisms ( 10 ,50) 
1. Particle rearrangement, 2. solution -precipitation 
and 3. coalescence. 

In the first stage liquid phase formation will be 
there. The liquid will flow and fill up the pores, and the 
solid particles will get rearranged, resulting in close packing. 
In the second stage the fine particles will dissolve and get 
precipitated on the bigger particles. In the third sta^e the 
substance is slowly consolidated. Most of the densif ication is 
achieved in first stage itself (5l). The dominance of one 
mechanism over another depends on the nature of process and 
the amount of liquid present . 

First condition to be satisfied is the perfect pene- 
tration of liquid between the grains. The extent of penetra- 
tion depends on the dihedral angle formed by the liquid phase 
at the boundary with two grains of the solid (Figure IV. 5 ) 

IV . 1 . 3 . 1 . Particle Rearrangement : 

After melting, capillary pressure will tend to 
rearrange the particle5 in » such a way as to give maximum 
packing and minimum resulting pore surface. This process 
occur very rapidly and is the principal reason for densifi— 


cation . 



IV.1.3.2. Solution and Precipitation: 


Limited solubility of solid in the liquid phase is 
necessary for this mechanism to occur. The densification rate 
is lower compared to first stage. Here smaller particles 
dissolve and precipitate on larger particles, thereby leading 
to densif ication ( 52 ). 


IV. 1.3. 3. Coalescence Process: 

During sintering process a certain number of 
grains will be oriented such that the grain boundary energy is 
smaller than twice the solid liquid interface energy (Cc: c ^ 

0 X z 

2 . So the value ^increases . Now, solid-solid conttidt 

will be formed and the sintering will be simply solid state 
sintering. The change in the density value with respect to 
time will be less (Figure IV. 6). 

In general it can be stated that (1) an appropriate 
amoiont of liquid, (2) a limited solubility of the solid and 
(3) complete melting are the necessary requirements for good 
densification. 

Results mentioned in Sections IV. 1.1 and IV. 1.2 are 
discussed here. In Figures IV. 1 and IV. 2 higher densification 
of BaTiO^ with both glasses are observed for 1 p. particle. In 
grain size measurement, constant average grain size was obser- 
ved for both 15 min. and 1 hr treated samples. 

From these results one can that the solution 

and precipitation stage predominates in 1 p particle densi- 
fication. With glass because of its lower viscosity 



dependency on time is relatively less. This is observed in 
Figure IV. 2. 

Vfith smaller particles, the densif ication takes place 
in a different way. As mentioned in Section IV. 1.3. 3, if the 
dihedral angle 0 is more solid-solid contact will be more 
stable. This observation is reflected in density curves 
(Figures IV. 1 and IV. 2 and Table IV.l). For lower sintering 
time, higher average agglomerate size was observed 
confirm the result two different samples treated at 1000 °C/ 

15 min were polished repeatedly but same results were observed. 
So it was concluded that the glass did not penetrate fully 

A/O /o' 

so^ surround the grain thouroughly . With 0.75 P- BaTiO^ + 

10 wt. % sample treated at 1000°C/1 h, two glass thicknesses 
were observed, one in 0.4 to 0.8 p. range and another in 
2-2.5 p range. First one was very feeble and the later one 
was bright. With G 2 added sanples only one grain boundary 
thickness in 2-2.5 p range was observed. Generally, a big 
area covered with thick glass coating with small subdivisions 
(with thin glass coating) was observed. 

This observation shows that with higher sintering 
time G^ penetrates further and surrounds the grains. In this 
stage solution and precipitation mechanism will be dominating. 
Section IV. 1.3. 2. 

This arg\iment is reflected in the densification 
curves. With G^ glass the curve rises gradually. With 
glass after some time the density value is constant. Moreover 
final density of G 2 added glasses are less than that of G^ 
added glass. 



with above observation and from the nature of density 
curves ^Figure IV, 1 and Figure IV. 2; one can conclude that 
coalescence process is playing dorainojct role. If solid -solid 
contact is more stable y further densification will not be there 
with higher sintering time (50). This is observed with 
glass . Further penetration with larger sintering time in 
glass added samples explains the presence of other stages 
of sintering and so the nature of density cvirve. 

From the nature of the density curve for 950 °C sint- 
ered samples, one can conclude that combination of all three 
mechanisms of sintering takes place. 

For a quantitative explanation of the densification 
nature at both temperatures many parameters like viscosity and 
surface tension of glasses at the sintering temperatures, 
interfacial energy between solid-solid, solid -liquid contacts, 
contact angles between solid-liquid -gas interface, capillary 
force , capillary energy, etc. are needed to be measured/calcu- 
lated. 


IV. 1.4. X-ray Diffraction Studies: 


X-ray diffraction patterns were taken for all sint- 
ered samples. Following results are observed. 

- 1. No appreciable angular shift in diffraction peaks 

is observed. This lead to the conclusion that no solid solu- 
tions are formed . 

2. Extra peaks corresponding to BaBi^Ti^O^^ and 

ih 

Bi^Ti 0^2 observed. Bi^Ti^O^^ phase^ present mainly on 
the surface only (Figure IV. 7). 



These two results are in accordance with the results 
observed by Ramesh Chowdhary (lO). 

IV. 1.5. Temperature Dependence of Dielectric Properties: 

Dielectric properties (dielectric constant and diss- 
ipation factor) were measured as a function of temperature for 
all the sintered samples. 

Reported values are corrected for porosity using the 
relation given by /^ushman and Strivens ( 53 ) • 

7- 2 + V 

^ rc r -— 

where v - volume fraction of pores 

k - dielectric constant measured with porosity 
k - dielectric constant corrected for porosity. 

Dielectric constant vs. temperature curves of 10 wt. 

% added samples are produced in Figures IV. 8 to IV.' IJ and 
of 10 wt. % added samples in Figures IVj.2 to IV. 15. 

Following results are observed: 

1. Room temperature dielectric constant of all the 
samples are 1000. At higher sintering temperature irres- 
pective of sintering time, most of the samples show Ou. value 
^ 1500- 

2. Variation of dielectric constant with temperature 
is relatively less and the peak value for all samples are 
less than twice the value at room temperature. 

3. Within experimental error, all samples have the 
Curie temperature at 120°C. 



4. Room temperature dissipation factor for most of 
the samples are <^0.1 and their variation with temperature 
is very less. 

As mentioned, with 5 \i and 13 [x BaTiO^ and various 

work 

glass combination detailed^was carried out by Ramesh Chowdhary(lO } 
Similar results were reported and a detailed account 
was given to explain the behaviour. 


Unshifted Curie point conclusively proves that no 
solid solution has formed. The behaviour ^ ^ 

may be compared with the variation of the dielectric const- 


ant of hot pressed BaTiO^ samples as a function of heat 
treatment temperature (59). 



Of theoretical density 



Fig.IV -1 Effect of particle size on densif ication 
of BQTi03 with glass addition at 
different sintering temperatures 
and times 


Of theoretical density 



Fig. IV . 2 Effect of particle size on densification 
of BaTi03 with 63 glass addition at 
different sintering temperatures 
and times 



1 u BaTiO,. 1000 °C/1 h 


1 BaTiO 950°C/1 h 


Figure IV-3. Microstructure of liquid phase sintered 10 wt 
% G, glass added samples. 


r -H 




0.75 |a BaTiOj. 950“C/1 h 0.75 p- BaTiO^. 1000 °C/1 h 



1 \i BaTiO^. 950 "C/l h 1 pi BaTiO^. 1000 °C/1 h 

Figure IV, 4 , Microstructure of liquid phase sintered 10 wt 

% glass added samples. 
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01 , 


f ifj IV b [Jihi-'.lrcil tingle formed by the liquid phase at 
the grain boundery. 



Time > 


Fig. TV. 6 Hypothetical dcnsification curve for liquid phase 
sintering. 
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Dielectric constant 



Temperature T \ 


Fig. IV « 8 Temperature dependence of dielectric 

constant of 0.65/4. to 0.82 ju. BaTi 03 + 4 |llG<| 
samples sintered at 95 0 °C 


Tan 




Temperature , T °C 


Temperature dependence of dielectric constan 
of 0-82 fx to 1.2 p. BaTiOa + 4 jj.Gi 
samples sintered at 950 °C 



cctric constant 


■ 1000 / 6 min 

A 1000/10 min 
» 1000/15 mir 

• 1000/1/2 hr 

0 1000/1 hr 

D 1000/2hr 





Temperature T °C 

Temperature dependence of dielectric 
constant of 0.65 to 0.82 p. BaTi 03 +4p G 
samples sintered at 1000 °C 





Dielectric constant € x 10 



Fig. IV. 11 Temperature dependence of dielectric 

constant of 0.82 to 1.2 ju BaTiOgT- A jxG., 
samples sintered at 1000 °C 


Tan 





Temperature 

13 Temperature dependence dielectric constant 
of 0-82 |u to 1.2 jj- BaTi 03 + 4|llG 2 samples 
sintered at 950 °C 



Dielectric constant 



Temperature > T 


Fig. IV. 14 Temperature dependence 
constant of 0-65 ju to 0 
samples sintered at 





IV. 2- Semiconductor BaTiO^: 

Aa mentioned in Section III, the semiconductor 
samples were prepared by three different methods. 

Samples prepared by mixing lanthanum nitrate with 
bar ium carbonate, titanium dioxide are designated as S(I) 
and that prepared by jtanthanum chloride addition to 
the povder w^; called as S(II) BaTiO^. Samples 

prepared by BTo technique are designated as 5 (III) BaTiO^. 

Room temperature resistivity values of various semi- 
conducting samples prepared are shown in Tabled IV. 1 and 2. Room 
temperature values of dielectric constant and tan 6 are shown 
in Table IV. 3. The dielectric constant values are corrected 
for porosity . 

S ( l ) semiconductor powder was mixed with 10 wt . % of 

G. glass and the pellets were heat treated in a tubular furnace 
' mentioned 

adopting the procedure / in Section III. 1.5. Sin^^^e^_^ 

room temperature dielectric constant value was very low, the 
next set of experiments were tried with s(II) BaTio^. 

First the effect of particle size of the semiconductor 
BaTi 03 was studied. Basically, the semiconductor BaTi 03 
grain was to be surrounded by insulating glass and thereby 
the barrier layer was expected to be created. So to produce 
larger barrier layer surface area, various particle sizes of 

semiconductor BaTi 03 were tried. 

Semiconductor pellets were crushed into powder using 

agate mortar and pestle and the powder was ground further 



5 hr and 10 hr. Every time exactly 3 gms of powder was used. 
They were mixed with 10 % G2 and sintered at 1100 °c/l h using 
t,f,c tuibular tui-nace. Again the room temperature dielectric 
constant values of the sintered pellets are very low (Table 

1 , V . / * ' * 

i'o see the effect of other glass (74 wt. % 312^3 

‘ ?,6 v;t . >0 another experiment was carried out. But 

tills Del let ajso has very low e value. C ' ■' 

it was assumed that the semiconductor is becoming 

iiisu'at, or ttecause of some reason. To check the possibility 
!U. 

ot reoxidation effect of flash firing and the effect of inert 
atniosohere were studied. 

In flash firing (PF) , the pellets were pulled to hot 
zone in 1 minute and after specified sintering period it was 

ri:nK:)veti to room temperature. The samples got cooled within 

f *■* « 'lb 7 ^ 

S minutos . ( ^ 

Procedure for N2 atmosphere sintering is discussed 
i n Sect ion 1 . 1 1 . 1 . 5 . 

‘i'he density and room temperature dielectric constant 
values are shown in Table IV. 3 :^«^'A 11 the samples have low 
values of dielectric constant. So flash firing as well as 
inert atmosphere were ineffective in restricting the reoxi- 

dation. 

But, to confirm the reoxidation possibility a direct 
experiment was oarried out. A semiconductor pellet, without 
glass, was heat treated to the same temperature, 1100"c/l h. 
It was found out that the room temperature resistivity had 



.:xoai->v,d slightly to 1200 ohm— cm, but still the value is 
V. ly :cv.' compared with that of insulator BaTiO^. 

Jcxt possible reason one could think of is the 
; urit y. It IS well known that the most effective method of 
rvoarat ion , to avoid impurities, is barium titanyl oxalate 
:'"n-'tho?:5 . 

ihe semiconductor, S(III) BaTiO^, was prepared as 
r.antioned in Section III. 1.2. 2 (Third method). After powd- 
uxiri., 1 , usirig mortar and pestle, and mixing it with G^, pellets 
Wt,'; e t'lr apered . The pellets were sintered in the tubular 
tun. ace at 1000 "C/1 h. But again the room temperature dielec- 
tric constant value is very low. For this experiment 0.2 
v-iolxi la added samples were used. (18). SV/'} 

t\bove experiments proved that the poor value of 
diel..;ctric constant is neither because of reoxidation due to 
higher t.C‘mp»„'rature reheating, nor because of the presence of 
' II sw «tn t..;d impurities . 

So, as a next step, the basic assumption itself was 
modified. Instead of taking a simple semiconductor grains 
and then surrounding them by insulator glass, it was planned 
to take barrier layered grains themselves and then sintering 
tho material at lower tenperature with the help of glass as 
a liquid phase. 

Many methods were employed to produce barrier layered 
grains (36). Among them, addition of acceptor ions like ions 
of Mn, Cu, Fte etc. were found to be the most effective one. 
Ions of Mn and Cu are found to be suitable for commercial 


oroduction. 



Using manganese, the preparation of barrier layered 
grains v.* tried. The amount of Mn should be few hundred 

only ( 16 ). So very small quantity was added. To get very 
;?ure material (with Mn alone) , BTO technique was used. 

Vlith 4 p. BaTiO^ slurry, necessary amount of La and Mn 
solutions vjere added and the hydroxides were precipitated. 

Let ails were given in Section 111.1.2.3.1. These samples were 
designated as S(II) (0.4 mole % La + 0.05 mole % Mn) BaTiO^ 
(added sinmltaneously) . With BTO also simultaneous addition 
v.'as cai’r.ied out. Here since the preparation is carried out by 
precipitation , more effective mixing is expected. So smaller 
quantity (0.02 mole % Mn) was used. Since 0.2 mole % La 
added Balit^ pellets had shown larger value of resistivity, 

0. 3 mole % of La was added for this preparation. 

Both pellets had shown higher values of room temper- 
aturo resistivity owing to the presence of manganese. But 

1. tiJi, tiivi loss is very high and so the room temperature 
dielectric constant value could not be measured with the cap- 
acitance bridge of type 1615-A of General Radio. . 

The materials were mixed with glass as described 
and the pellets were sintered at 1000°C/1 h using the tubular 
iurnace. For these pellets also, the room temper- 
ature dielectric constant is very low. . iii '3 ’ 

These experiments proved one point. Very high pixrity 

is not the criterion. 

By measuring resistivity vs. temperature using an 
electrometar of the type 1230-A of General Radio some addlti- 
onal information was obtained. 



*"rom Figure IV. 16 one infers the rise in resistivity 
Vfii. ue from around 100 °C to 130“C for simultaneous addition of 
. a and iUi in S(II) BaTiO^. So the material is yet to cross 
t.ho i-iC IsC'hciviour / that is, the addition of acceptor ions has 
t-ircxiuced surface defects but not to a large enough extent so 
tluit. a v.'ell defined barrier layer can be found. 

So, as a next step, separate addition of Mn was tried. 
In ivlmultaneous addition, the defective boundary layer was 
oxixicted to formed because of differential diffusion rate 
of urKi Wn. l^a is expected to diffuse in at a faster rate 
than Mn. i’ositive temperature coefficient resistance (PTCR) 
fci?haviour of the final product confirms the validity of the 
above statement. But still, to produce barrier layer larger 
concentration of Mn at the surface is essential. These mater- 

are characterized by larger values of room temperature 

9 

rer. 1st’ i v.lty of the order of 10 ohm-cm and smaller variation, 
either in positive side or in negative side, of reactivity at 
Curie temperature (55). 'i'o produce this material separate 
addition v/as tried . 

Experimental details were given in Section 
The resistivity behaviour with tenperature was plotted in 
Figure IV.l*', Room temperature dielectric constant and the % 
of theoretical density value is given in Table IV.3’.^/^rger 
value of dielectric constant proves the formation of barrier 
layer- All this work was carried out with S(II) BaTiO^. With 
S(IIl) also, the same work was carried oat. Since the 

density value was very Iw ( 58.7% of theoretical density) 



aj4,j 4,.inc«£. the r.taterial turned thoroughly brown in colour 
detailed work v;as not pursued. 

.‘voQvo mentioned S(II) BaTio^^was powdered and mixed 
wrth. and sintered as mentioned previously. The lower 

Vfi., ue ot room temperature dielectric constant led to further 

sr.'eculations .( ^ / 7 J) 

5 wo explanations can be thought of for the lower 
ilther the material should be non barrier 

,1 aye red one, or the existing barrier layer is destroyed by 
sor;*,.' r‘,;action. Resistivity behaviour and the higher dielec— 
tu: ic; constant values rules out the first possibility. So, 
the second possibility may be true. 

Generally with liquid phase sintering, if the preci- 
pitation and rearrangement stage predominates over the other 
ntrfijeij, the grain growth will be larger ( 10). Since the growth 

in larger in this system (10). the modification of grain sur- 
farx* v.'i 1 ] i:x- there. So the defective grain surface which was 
produced deliberately to the requirement by Mn addition is 
i.i;..' -.j'.; . f'ioreover, Mno and Mn 2^3 are the two probable 

forms existing for the above heat treatments, forms compounds 
wit.h di^u^ and 32 O 2 (44). But since the amount of Mn is very 
the compound cannot be detected by X-ray diffraction 
studies- Lower value of dielectric constant may be 
due to these affects. 

Grain growth may be the reason for the observed 
behaviour of S(II) 0.4 mole % La added BaTiO^ + glass G 2 comr- 
bination. By material transportation the same La concentra- 
tion as well as the distribution of La ions, cannot be expected 



ft'itli deposited material, i.e., concentration of dopants ’will 
I'C , ,‘tcnerally, high in the liquid phase than in the solid 
piiacc icrr.cd and the concentration profile in the solid 
phase varies v;ith thickness (56). 

To confirm whether this line of reasoning is correct 
/r not, an oxporiment was planned. Glass Gg spread over 

oui'iaco and by heating, it was allowed to diffuse inside 
inil-.'t. This procedure was successfully employed to 
produc© SrTiO^ barrier layer capacitors (32). 

To sec the effect S(II) La doped BaTiO^ was used. 

Since the i‘In added S(II) BaTiO^ is value 

of roor. temperature dielectric constant^, the final result 
'riith glnsB may mislead to a wrong conclusion. Without Mn, 
e\X’n thoup;h the material is not a barrier layered one, cov^? 
cring the semiconductor grain with glass without grain 
growth ar.y produce necessary results. By smearing glass 
over 1 he surface and heating will definately lead to grain 
fprowth a,t the surface, but after certain depth the grain 
arnvrth may not be there. To ensure this, either the temp 
ora.tui‘0 or the time of treatment should be low. 

With this reasoning the next set of experiments were 
dcoip;ncd. Pores will be helpful for quicker penetration. 

So powder was pelletized with 4 tonnes of pressure using a 
hydraiaic proES and tho pellot was boat treated at 1200°C/1 h 



tc ^i.u, art, .strength. This temperature is just below the temp- 
uivU. ure iOr the on set of sintering ( 17 ) . The density value 

oi theoretical value. 

.no pellet of this / and another pellet of starting 

n; iter. la, i (non powdered one, density ^ 91% of theoretical 

vatuo) v;ere used for this experiment. glass was spread 

aver a surface of the pellets and the pellets were heat 

at 600 '''C/6 hr. But after cooling, it was found out 

, the glass did not get penetrated, even though there was 

itpitiht c'0.iour change. So the pellets were again heat treated 

to 700‘'C!/i h. VtJith porous pellet, the penetration was' complete 

(?Xy2'./2') 

but -.vith denser one, it was this pellet was heated 

to ,1100’ C/1 5 rain, in a globar rod furnace. The penetration 
'w as 1 ete now . 

I'ho resistivity behaviour and dielectric constant 
I - ■h. a'i.our; are shown in Figures IV. 16 and IV1L9. This proves 
th,.,„ ,,UiOvc* .assumptions and lead to the formation of grain 
bounu>,iry barrier layer (GBBL) material ru.S : nX 

^miount of glass used with this pellet is approximately 
0.5 wt. From Figure IV.l6it is clearly seen that there is 

,i rise in resistivity at around Curie temperature. So with 
another set of pellets 1 wt. % glass was used and the 
j. blots 'were sintered again at 1100°C/15 min. and s vs. T 
curve was shovjn in Figure IV. 80. In Figure IV. 21 ^ vs. T 
curve appears. Lower values of dielectric constant and the 
rise in resistivity in Curie point region are observed. To 
chcsclc tins 0f f s of lowoxr t0rnp0ir3i’t.'uir0 of sint©iring' 



an>,i still higher glass addition, samples with 3 wt, % were 

heat t rt'ated at 1000°C/30 min. But by X-ray diffraction studies, 

it v,vir» 1 ouncS out that, the glass had not penetrated fully. 

Jit ill the lov.'er value of dielectric constant and the rise in 

resiativity at around Curie point is observed. 

So, again the higher tenperature heat treatment was 

utilised. This time 5 wt. % G 2 used. But the dielectric 

u&o 

r'onstant' value loi^’ered further and the presence of PTC effect 

K 

w a < oi'sservod . 

Lower value of RT dielectric constant can be ejqjlained 
As It was observed by many c^<5v 1<£A'$ (36) dielectric constant 
\'alue, fceiw relaxation frequency is directly proportional to 
grain diameter to grain boundary thickness. Since the grain 
sii'-e of the pellet is relatively smaller (5-7 }i) the ratuo 

also is exi-ected to be small. 

So, it has been decided to carry out the experiments 
with bigger grains. It is mentioned in literature (57,58) that 
the of’^timum grain size is 20-50 p- . Optimum BaO to TiO^ ratio 
is 1.01:1 to 1,02:1. Former is to avoid poor humidity and 
voltage effects and the latter is to improve the capacitor life. 

so two batches, one with 1.02:1 BaCO^sTiO^ mixture 
and other with 1:1.03 BaC 03 ;TiO 2 mixture were prepared. 

Excess titanium oxide provides liquid phase at the hea 
treatment temperature (UOD^C) and so better La distribution 
and grain growth were ejected. They were calcined at 1200“C/ 

6 h and then pOTdered with morter and pestle. To improve 

A nms of powder was powdered with 
homogenity^ every time 6 gm p 

ultrasonic vibrator for 1 hr. 



.’iith 0.4 mole % La solution the semiconductor was 

to ro formed at 1400 °C/1 h. BaTiO from 1.02:1 BaCO ; 

3 3 

- r.-.'idiiy gave semiconductor- behaviour. The blue colo- 

ur, at. lor. /.’as almost uniform whereas, with the other powder, 

1..:,, ir....y non uniform pellets were obtained. To get uniform blue 
colouration with 1:1.03 powder also, 0.35, 0.45, 0.5 mole % La 
ions v;ore tried. The improvement with 0.4 5 was not suff- 
.iciont . Thun the effect of AI 2 O 2 was tried. With both powders 
1 /.'t . IS added along with La solution. Uniformity 

hast .increased considerably, but still with 1:1.03 powder 
thorough uniformity was not obtained- Average grain size of 
the linal dense pellet is 25-30 (i . 

Vtl’ith 3 v:t. % of over the surface, alumina added 
of 1.02:1 composition showed higher room temperature 
constant value (e = 33,000) and so for all further 
• tmt/tit ;> thi.s powder was used (Figure IV. 22). 

Alumina added pellets showed around 9000 ohm-cm as 
I oo!?i temperature resistivity value where without alumina the 
value i:> around 11,000 ohm-cm. 

Sven though the dielectric constant value of the 
g),asr. added sample is high, the PTC effect is still observed 
(Figure IV .23). At higher temperature reaction is expected 
to be inore. If so the grain diameter to grain boundary 
thickness ratio will reduce. To avoid this 1000 C./30 min. 
heat treatment was tried. With 3 wt. % glass and 1000 C/ 

30 min, heat treatment tbe properties were not improved 


(Figures iv.24 and iv .25 ) . 



By visual examination, glass coating was observed on 


the surface. X-ray diffraction pattern was taken for the 
glass coated surface. No Ba'i'iO^ peak was observed. Peaks 
characteristic r; 3a Bi^ Ti^ ^ 15 ' "^^3 ^12 found 

(Figure IV.26). These two compounds are the reaction 
c-roducts of BaTiO^ with the glass. Since no BaTiO^ peaks 
were observed it was concluded that the penetration of glass 
inside the specimen was not complete. 

So still higher concentration as well as higher 
teinrH’cature effect was studied next. With these samples a 
rise in roora temperature dielectric constant is obtained. But 
still the PTC effect exists. By X-ray diffraction full pene- 


tration of glass into the sample was 


CO nf i rmed ^ 



Ihen the effect of glass was studied. This glass 


having higher dielectric constant and higher resistivity value. 


compared to G 2 glass (Table II. l) is expected to give better 
mot*erties. By X-ray diffraction studies, complete penetra- 
tion was confirn«d. Final pellets had lower tan6 value and 
higher room temperature resistivity value (Figures IV .2 4 and 
IV.2S)- But the dielectric constant value is also low 
(e = 27.250). 

With this glass also PTC effect was observed. A 

good grain boundary barrier layer capacitor should have the 

following characteristics (59). 

1. Room temperature resistivity should be of the 

order of insulator BaTi 03 .'the temperature behaviour should be 


similar to that of insulator BaTi 03 . 



2. Peak height of dielectric constant at Curie temp- 
• jrature should be as small as possible. 

3. Dissipation factor value should be less than 0.1 
at room temperature and should not vary much with temperature. 

4. Dielectric constant should not vary much with 
1 requency-constant value is ideal. 

5. Dissipation factor value reaches a minimum at 

kiiound 1 and then rises. The minimum should be shifted to 

hiqlior frequency value as much as possible. 

Resistivity vs. temperature plots of all the samples 
shou'ed Prc fcehaviour. Frequency characteristics (Figures 
iV.;;7 t'G 21 ) showed variation in dielectric constant. Since 
with the capacitance bridge 1615 A, it is not possible to 
t unc f.eyond 100 KC, the dip in tan6 value was not observed. 

1 ♦•o ■/ HuTiO^ showed relatively flat frequency response, 
liiit the di;?lectriG constant value is very less. 

Prom Table IV. 2 and Table IV 4 and from resistivity 
vs. temperature plots, one can conclude that above mentioned 
properties were obtained more or less. Higher value of 
dielectric constant, very little variation (around one order 
only) in resistivity near the Curie temperature, reasonably 
high value of room temperature resistivity (--10 ohmr-cm) . 
and smaller variation of dielectric constant with frequency 
(few thousands only) are observed. To improve the properties 
further, higher glass concentration may be utilized. But 
reaction between BaTi 03 and glass also will increase and so 
the necessary result may not be produced. 



Better way of tackling the problem may be the utili- 
..:ation of one of the well explored acceptor ions like Mn^ Cu 
l3h,3y/5'^). As some work was done using Mn ions with 
l'~7 p l-aiiv '2 its effect with bigger grains w-t"' tried. 

In Figure IV 16 effect of 0,05 mole % of Mn on 5 to 
7 .-aiic^ can be observed. Simultaneous addition with La 
I'rtxiuced a PTC material and with separate addition the PTC 
tilwct .,jot reduced considerably. So the effect of 0.05 mole 
>; of Kn on bigger particles may be studied - 

But simultaneous addition of 0.05 mole % of Mn with 
:,a and subsequent heat treatment at 1400 °C for 1 h produced 
.lU'ownish blue pellets. Many pellets were fully brown in 
colour, i.a., v.'ith the Digger particle BaTiO^ produced from 
1 . 02:1 :Ti 0 ^ mixture, the diffusion is faster and the 

amount, oi Mn is also more. 

.\lo in the next experiment 0.025 mole % Mn was used. 

,;ti; were heat treated with 4 wt. % of and 

glasses on one surface at 1100 ‘’C/15 min. and the e vs. T, 

f vs. T and c vs. frequency were studied (Figures IV. 3 O/ 

iV,32 and IV . 33 ). Peak hightin ^ vs. T curve has reduced 

considerably. Relatively flatter frequency response is 

obt.,iined. Higher resistivity value (in 10^ ohm-cm range) is 

-2 

also observed. Lower room temperature tang lln 10 range) 
value is also an additional result. But room temperature 
dielectric constant value got reduced (e = 18,000) and the 
PTC effect is still observed. Moreover nearly overlapping 
curves showed the relative independence of the glass 



coinr'OBition. 


Lower change in resistivity at Curie point 


sh.o'.vcd advantage of using glass. 

in 1400“C/1 h treatnent, some manganese ions will 
iiiiuso inside the lattice. This will increase the bulk resis- 
tivity. As the effective dielectric constant is inversely 
j’l or ortional to the bulk resistivity value (36) the lower 
valu.„' of dielectric constant can be explained. Moreover from 
PiC b.,’haviour one can conclude that the lower amount of Mn at 
t h- ' .surt..ice is ineffective to produce material with proper 
resist ivi.ty behaviour. 

If Mn is added at lower temperature the above draw- 
backs Hsay get rectified. So calculated amount of Mn solution 
(Section III. 1.2. 3) was added to measured quantity of and 
c::,, i Misses and the excess amount of water was evaporated. 
Conretjt rut.ion of Mn is chosen in such a way that for 4 wt. % 
ad*,:! it. ion oi glass 0.025 mole % of Mn will be consumed. 

So with next set of pellets, 4 wt. % of glass G^ and 
vni.tij Mn was spread over a surface and the pellets were 
heat treated to 1100“C/15 min. Various behaviours are shown 
in Figures IV .?!, IV. 52 and IV. 33. Room temperature dielectric 
constant vaMit got improved (e = 23,000) compared to the other 
cast,.. Flatness with frequency is also improved slightly. 

Witli G glass the rise in sensitivity value at Curie temper- 

1 

...iturw has reduced considerably. 



Table IV. 1 

Roor.t teniperature resistivity data of various semiconductor 
.-.I'l'i based samples 


Sample 


Temperature Room temperatur« 
and time resistivity 

ohm-cm 


•1 . 




Sil) 0.4 mole % La doped BaTio^ 1300/6 h 

li (11) 0.4 mole % La doped 1400 “C/1 h 

■•ci'i ii>- 

i 

5 1 ill) 0*2 mole % 1^ doped 1400 °C/1 h 

i, ro,,. 


Hili) 0.3 mole % La doped 1400°C/1 h 

S(1I) 0.4 mole % La and 0.05 1400 °C/1 h 

niole '/» Mn doped BaTi 03 
(.Added simultaneously) 


6. 0(11) 0.4 nwDle % La and 0.05 
n'iOle / Mn doped BaTi 03 

(. Aci<ied separately ) 

7. AClil) 0.3 mole % La + 0.02 
iu( hi % Mn doped BaTiO^ 


o . 


0.4 mole % 


' ' * L »- ^ 


"i «.)lass G 2 


La doped 
coated 


y 


,10. 


sell) 0.4 mole % La doped 
Bal'iU 3 , crushed, repressed, 
G 2 coated 


S(II) 

•''UiTiO^ 


0.4 mole % La doped 
■i 1 wt. % G 2 


11. S (II) 0.4 mole % La doped 

+ 3 wt. % G 2 coated 

12. S(XI) 0.4 mole % La doped 
5',aTlo^ + 5 wt. % <^2 


1400 °C/1 h 
1100°C/15 min 
700°C/1 h 

1100°C/15 min 
1000°C/30 min 


3.56 X 10^ 
400 

12000 

1400 

10^ 

3 X 10^ 


1500 

4.5 X 10^ 


3 X 10 


10 


2.1 X 10 


10 


1.9 X 10® 

1.74 X 10^^ 


1100°C/15 min 



Table 17.2 

. , rcsistiYity data of 25-30 u BaTiOx 
/V..* i-,at:iples are prepared from 1.02:1 BaCO-;Tio„ mixture 
average grain size = 25-30 p, -3 2 



es 

Temperature 
and time 

Room temperate 
resistivity 
ohm-cm 

1. 

SUl) 0.4 mole % La + 1 wt. % 
added BaTio^ 

1400 °C/1 h 

9000 

* 

dill) 0.4 mole % La added 
reiiio,.^ 4 3 wt. % coated 

1100°C/15 

min 

6.85 X lo"^ 


0,4 mole % La + i wt. % 
added aaTi 03 + 3 wt. % 

0^ coated 

1100°C/15 

min 

3.77 X lo'^ 


S ( 1 1 ) 0,4 mole % La + 1 wt . % 
Ai 2 v /3 added BaTi 03 + 3 wt. % 
coated 

1000 °C/30 

min 

6 X 10^ 

s. 

S ( 1 1 ) 0.4 mole % La + 1 wt . % 
MI 2 O 3 added BaTiOs + 4 wt. % 

G COdtecJ 

m 

1100°C/15 

min 

2.7 X lo'^ 

h 

0.4 mole % La + 1 wt. % 

A 12 *-' 3 Added BaTi 03 + 4 wt. % 
i' (boated 

1100° C/1 5 

min 

4.7 X 10^ 

• 

S(1X) D.4 mole % La + 1 wt. 

L A 12^3 + 0.025 mole % Mn 
added jiaTlQ 3 + 4 wt. % 

1100°C/15 

min 

7.3 X 10^ 

6* 

S ( 1 1 ) 0.4 mole % La + 1 wt . 

% AI 2 O 3 + 0.025 mole % Mn 
added' BaTi 03 + 4 wt. % G^ 

1100°C/15 

min 

8 X 10^ 

9. 

S(.Ii) 0.4 mole % La + 1 wt. 

% AI 2 O 3 added BaTi 03 + 4 wt. 
G| (+ 0.025 mole % Mn) 

1100°C/15 

min 

9.6 X 10^° 

10* 

5(11) 0.4 mole % La + 1 wt. 

1100°C/15 

min 

. 1.1 X 10^^ 


% AI 2 O 3 added BaTiO^ + 4 wt. 
% Q 2 (+ 0.025 mole % Mn) 


4, . Table jj p 

..V''"''’' resist! vitv d^t- 

^... samples are prepared from l. 02 ;l 
•i/erage grain size = 25-30 p, 


of 25-30 [X BaTiO^ 
BaCO^^TiO^ mixture 


•.jairiT;::i,es 


1 . BUI) 0.4 n^ole % La + i wt. % 

added BaTio^ 

2 . i ,l i ) 0.4 mole % La added 

4 3 wt. % coated 

- -*>( 11 ) 0,4 mole La + i wt. % 

Al 2‘'3 added • 3 aTi 03 + 3 wt. % 
coatcjd 

’’J . S(ll) 0.4 jnole % La + i wt. % 
AI 2 L 3 added BaTi 03 + 3 wt. % 
coated 

5. S(II) 0.4 mole % La + l wt. % 
nl 2 G 3 added BaTiOs + 4 wt. % 
coated 

t. :;{l, j) 0.4 mole % La + l wt. % 
Al 2-’3 added HaTi 03 + 4 wt. % 
L' , coat.ed 

B(ll) 0.4 mole % La + 1 wt. 
'm. Aj, 2 U 3 + 0.025 mole % Mn 
added i?aTi 03 + 4 wt. % 

B. SCII) 0.4 mole % La + 1 wt. 
% AI 2 G 3 + 0,025 mole % Mn 
added BaTiU 3 + 4 wt. % G 2 

9 . S ( 1 1 ) 0,4 mole % La + l wt . 
/i AI 2 O 3 added BaTi 03 + 4 wt. 

Gj (■+ 0.025 mole % Mn) 

10. S{II) 0.4 mole % La + 1 wt. 
% nl 2i .*3 added BaTi03 + 4 wt. 

'A G 2 (■* 0.025 mole % Mn) 


Temperature 
and time 

1400 °C/1 h 

1100°C/15 min 

1100 “C/1 5 min 

1000 “C/30 min 

1100°C/15 min 

1100 “C/1 5 min 

1100°C/15 min 

1100°C/15 min 

1100 “C/15 min 

1100 “C/1 5 min. 


Room temperatu 
resistivity 
ohm-cm 

9000 

6.85 X lo"^ 
3.77 X 10 '^ 

6 X 10 ^ 

2.7 X 10 ^ 

4.7 X 10 ^ 

7.3 X 10 ^ 

9 

8 X 10 

9.6 X 10 ^° 
1.1 X 10 ^^ 


Table IY ,3 


'■1 constant and dissipation factor dat; 

^>1 .axioa., seiiiiconductor BaTi 03 based samples 



ample 

Sintering 

tempera- 

ture/time 

% of 
theore- 
tical 
density 

Room. 

temper- 

ature 

dielec- 

tric 

constant 

RT 

tan( 

:i il) 

hij* Haiio^ + 10 % 

1100 °C/ 

1 h 

80% 

1920 

0.05-^ 

iHI) 6 

hvj 4 10 % 

FP 1100°C/ 
15 min 

78% 

1930 

0.05 

;i ( i 1 ) 

2 hg Ba'i’iO'^ + 10 % G^ 

1100°C/ 

1 h 

80.8% 

2500 

0.061 

S ( J 1 ) 

5 hg BaTio^ + 10% 

1100°C/ 

1 h 

90-27% 

2061 

0.27 

Sdl) 

5 hg ua'l'iO^ + 10 % G^ 

PF 1200 °C/ 
1 h 

92.4% 

1680 

0.04 

S { 1 1 ) 

10 hg BaTio^ + 10 % 

1100 °C/ 

1 h 

83% 

1849 

0.14 

til) 

,t 0 hg + 10 % 03 

FF 1200/ 

5 min 

80% 

1486 

0.061 

S( II) 

10 hg HaTio^ + 10 % 

1200 °C/ 

1 h 

93.3 

2343 

0.256 

S{1I) 

10 hg BaTiO^ + 10 % 03 

N 1100 °C/ 
1 h 

69.09% 

2263 

0.058 

:> (II) 

5 hg BaTi 03 + 10% G 2 

N 2 1100 °C/ 
1 h 

80.58% 

1634 

0.057 

S ( 1 1 1 ) 
BciTiO^ 

(0.2 mole % La) 

•t" 10 % G 2 

1000 °(y 

1 h 

53.14% 

1748 

0.058 

Still) (0.3 mole % La + 

0.02 mole % Mn) BaTiOs + 

10/i G2 (Added simultaneously) 

1000 °C/ 

1 h 

54 . 36% 

3276 

cO-097 

S(IXI) (0.3 mole % La + 

0.05 mole % Mn) BaT 103 + 

10% G 2 (Added separately) 

1000 °c/ 

1 h 

54.03% 

3912 

0.079 





Contd . . , 




Tablf^i IV, 3 (Continued) 


Sanple 

Sintering 

tempera- 

ture/time 

% of 
theore- 
tical 
density 

Room 

temper- 

ature 

dielec- 

tric 

constant 

RT 

tan5 

5 a : ) , 4 iiiOle % La + 

0.05 ."i'iole !4n) Ba'i'i 03 + 

10'':' (Added separately) 

1000 °C/ 

1 h 

83.96% 

2936 

0.12 

Sill) 0.4 ;no.le A La + 1000 °C/ 

.:'3,DS mole 51 Kn ’•aTi 03 + 1 h 

10':'. (.Added simultaneously) 

84.78% 

2858 

0.11 

S-'.' |.i Slil) (0-4 Riole % La 
-f O.OS r<oj.e '0 Hn) BaTi 03 
i Avideti separately ) 


62.68% 

11892 

0.042 

S“"7 u V 1 i ) (0.4 ntole % La) 
pa'i Gy spread on the 

SUI'l liCC; 

1100°C/ 

15 min 

91% 

14121 

0.080 

S(.il) 0.4 mole % La added 
p-a'i'ivs'i » 1 wt . Vi. Gy coated 

1100 °c/ 

15 min 

89 . 98% 

8690 

0.04 

S ( 11 ) '1 . 4 moJ.e % La added 

i.;a"r,ii A coated 

1000 °c/ 

30 min 

91.44% 

10243 

0.074 

0.4 mole % La added 
-3 '»■ 5 v/t. % coated 

1100 °C/ 

15 min 

89.95% 

6070 

0.041 


* 6 hg - 6 hour grinding using ultrasonic vibrator. 



Table IY.4 


k<,>oni tei.'.pet ature dielectric constant data of bigger grain BaTi 03 


■ 4. s«^.iples were prepared 
Particle size = 25-30 p. 

from 1.02 

: 1 BaC 03 : 

Ti 02 mixture 

* 

Sarr'iple 

Terrper- 

ature/ 

time 

% of 
theore- 
tical 
density 

Room 

temper- 

ature 

dielec- 

tric 

constant 

g 

RT 

tan 6 

SC , 11 ) D .4 mole % La added 
' i ,3 v.’t. . % G2 coated 

1100°C/ 

15 min 

88.94 

25995 

0.077 

S ' : i ) 0 . 4 rriole % I, a + 

1 wt,' . /tl 2'3 added BaTi 03 

t 3 wt . % 0 ., coated 
d 

1100°C/ 

15 min 

88.1 

334 6 l8 

0.095 

Sill) 0.4 mole % La + 

1 wt:, . ;« Al2'-^3 added BaTi03 
■f 3 wt. Gj coated 

1000 °C/ 

30 min 

89.61 

15577 

0.063 

fi { .1 ,1 ) 0 • 4 jitol G % l.ia + 

,1 wt . 'm added Ba'fiO, 

♦ 4 V.'!',* 1.^ coated 

llOO^’C/ 

15 min 

90.94 

27251 

0-135 

sill') 0,4 iiiole % la + 

1 wt , A 1 2*’ -3 acided OaTiO^ 

■* 4 wt. , t,::*. coated 

2 

1100 °c/ 

15 min 

88.1 

36352 

0.154 

0.4 Jiiole ‘>i La + 

1 ’.vt. % Ai2^--3 + 0.025 mole 
>;.< .*4n added Ba'i'i03 + 4 wt. % 

G , f'o cited 

1100°C/ 

15 min 

89.78 ' 

18689 

0.075 

S ( 1 i ) 0.4 mole % ia + 

I wt. Al2'-'3 0.025 mole 

t Mr) added i3aTi03 + 4 wt. % 
G., coated 

1100 °c/ 

15 min 

88.9 

18097 

0.063 

i,'« 1 ,U ) 0.4 .mole % La + 

1. wt. M AI2O3 added BaTi03 
f 4 wt, . ;% Gi ( 1' 0.025 mole 

A Mn) 

1100 °c/ 

15 min 

89.94 

23651 

0.069 

S(l.i) 0.4 mole % La + 

1 wt, % AI2O3 added BaTiOs 
+ 4 wt. 1: G2 (+ 0.025 mole 
% Mn) coated 

1100 °c/ 

15 min 

88.94 

22669 

0.068 



Temperature ° C 

Fig. IV.16 Resistivity Vs temperature plots of 

A- 0.4 mole ®/o La + 0.05 mole °/o Mn (Simultoniously ) added BaTi 03 . 

8-0.4 male °/o Lq + 0.05 mole % Mn (Seperately ) added BaTi 03 . 

C - 0 . 4 mole ‘^/o Lo added BaTi 03 + Glass G 2 coated, T!00°C/15min 
treated sample . 

D~ 0.4 rooie'^Vft Lo added Bali 03 , crushed , 63 coated 700°C/1hr treated 
E-O. 4 moleV 0 La added BaTi 03 - 




DupaiaiQ 


2400h 


1600h 


Temperature C 
Fig. IV.17 e Vs T curve for 

A- 0.4 mole °/o La + 0.05 mole °/o Mn doped ( Simuttaniousty 
BoTiOa + 10 Vo 62 heat treated at 1000°C/1h. 

8'-0.4 mole °/o La + 0.06 mote °/o Mn doped (Seperately) 
8aTi03 + 10 °/o 62 .heat treated at 1D00°C/Ih. 



-JL 

no 

Temperature °C 

Fig. IV.18 0 Vs T curve for 

A 0.4 motfc ''/b Lq doped BaTi 03 crushed and repressed, 

G 2 cootinq over one surface. Heat treated at 700 ^C/lh 


it ii. 



Temperature °C 

Fig. IV.19 £ Vs T curve for 

A -■0.4% La doped BaTiOs + glass G 2 coated on one surfact 
and heat treated at 1100/15 min. 

B--0.4% La doped BaTi O 3 + 0.05 % Mn doped BoTiOaihca- 
treated at 1200 °C/1hr). 


Dielectric Cens 



Temperature T°C 

Fig, IV, 20 G Vs T curve of 

A. 0.4 mote % La added S(II) 5~7ju BaTiOa ^ 1 wt % 

(1100°C/l5min) 

B. 0.4 mole % La added S(II) 5"7ju BaTiOa +3wt% 

(1000°C/30 min) 

C. 0.4mole % La added S(II) 5-7 jlj BaTt 03 +5wf% 

(1100°C/15min) 


Resistivity p iicm 



L J I L i 1 L 

30 50 70 90 110 13 

Temperature T°C 


FigTV.21 


p vs T curve of 
A-0.4mole°/oLQ added s(n)5-7p. 
BaTi 03 f 5wt V. 63 (1100°C /15 min.) 


B -0-4 mole ®/o La added S(n) 5-7 jj. 


BaTiOgH. 


3 wt 7o G 2 (1000°C/30 min 


) 


Dielectric constar 


60000 - 


50000 




Fig. IV. 22 € vs T curve of 

A-0.4mo!e ®/o La added 5(ir) 25-30 |u BaTi03+1wt 7o 
Al 203 4 3 wt 7o G2(1100°C/15min.) 

B-0.4mole7o La added S(n)25-30|J. BaTiOa+Swt 7o 
Go (1100 °C/15 min.) 


Resistivity 9 n cm 



1 I. i t i i _,..J J 

40 60 80 100 120 140 150 

Temperature T°C 

Fig.IV.23 p vs T curve of 

A -0-4 mole 7o La + 1 wt 7o AI 2 O 3 added 
s(n) 25-30 ju. BaTi 03 + 3 wt 7o 63 (1100°C/15min.) 

B-0.4mole7o La added s(n) 25-30 p 
f3 wt 7c G 2 (1100°C/15 min.) 



50 


130 


15C 


3 


i ^ L 

70 90 110 

Temperature T°C 


Fig. IV.24 £ Vs T curve of 

A. 0.4 mole % LaOwt % AI2O3 added 
(1100"’C/15 min) 

B. 0.4 mole % bo + 1 wt % ^363 added 

(1100°C/15 min) o/ a . jj j 

c. 0.4 mole 7o La^ 1 vA/t % AI2O3 added 


25~30jj Ball 03 -^ 4 7c 
25- 30a BQTi03-A7c 
25-30AI BaTi 03-37 


Resistivity p ji cm 



Fig.IV.25 p vs T curve of 

A-0.4mole % La*lwt 7o AI2O3 added S(ii) 
25-30 n BaTi03 4-4w1 7. G, (1100°C/15 min.) 

B-0.4 mote °U La + lwt 7o AI2O3 added S(n) 
25-30 M BaTi03»4w1 7. G2 (1100°C/15 min.) 

C-0.4mole7o La«twt 7. AI2O3 added S(n) 
25-30 n BaTiOj *3wt 7= GjdOOO'C/SO min.) 



- rcy deffrcction patterns of Sfll) 25 - 30 aj BQTi03 + G2 coated samples. 

I lOOO^C treated sample. 

:) 1100"'' C ‘"acted sample 


Intensity 



BqBiATUOis 
B aTi 03 











Fig, IV.28 Dielectric Constant Vs frequency curves of 

A r 0.4 mole % La added S(II) 25-30 ju BaTi 03 + 3 wt % G 2 

(liCO'^'C/15 min) 

B- 0.4 mole % La ^ 1 wt% AI 2 O 3 added S(II) 25-30^i BaTiO 
+ 3 Wt °/o G 2 { nOO^C / 15 min ) 


I 





10 


Frequency kHz 
nstant Vs Frequency cur\ 
Vo La +1wt Vo AI2O3 addec 
Gi ( 1100°C / 15 min) 

Yo La ♦ 1 wt Vo AI2 O3 addec 

G 2 (11 00”C / ISmin ) 

’/o La + Iwt Vo AI7 O3 added 








a 


4 



1 


L 1 L L...^ 1 

30 50 70 90 110 

Temperature T°C 

ig.IV.30 6 vs T curve of 

A-0-4 mole 7o La +1 wt 7» AI 2 O 3 + 
added S(ii) 25-30 p. BaTi03-*'4w 

B-0-4mole 7a La+1wt 7o AI2O3 + O 
added S(n) 25-30 u BaTi0o + 4wt 


Dielectric constant 



15000 




Fig. IV, 31 G vs T curve of 

A--0-4 mole % La+1wt ®/o AI2O3 added S(n) 25-: 
BaTiOg-f 4wt 7o (+0.025 mole 7o Mn)1100°C/15i 

B-0-4mole7o La + 1wt 7o AI2O3 added S(n) 25-! 
BaTi03 + 4wt 7o G2(+ 0,025 mole 7o Mn) 1100°C/1'=^ nr 


Resistivity J? 



Fig. IV. 32 JJ vs T curve of 

A-0.4mole % La*lwt % AI 2 O 3 + 0.025 mole °/o Mn 
added S(ti)25-30|j BaTiOa + Awt “/o Gi(1100°C/15min) 

B- 0.4 mole ”/» La»1wt A1203+0-025 mole V. Mn 
added S(ii)25-30fi BaTiOj+wt "/o G2(l100'’C/15min.) 

C-0.4 mole “/. La*1wt '/. AljOj added Stn) 25-30 p 
BaTi 03 * 4 wt °U G,+ 0.025 mole '/. Mn (1100°C/15 min.) 

D-O .4 mole "/o La+1wt 7o AI 263 added S(n) 25-30 p 
BaTiOj ..4wt 7. G 2 * 0.025 mole 7. Mn (n00°C/15 min.) 


10 100 
Frequency kHz 



Frquency kHz Frquency kHz 


Fig^ IV. 33 Dielectric Constant Vs Frequency curves of 

A - 0.4 rrole % La + 1 wt % AI 2 O 3 +0.025 mole % Mn added 
Sdli 25-30 ju BaTi 03 + 4wt% Gi (1100°C/15 min) 

B- 0.4 mole % La + 1 wt% AI 2 O 3 + 0.025 mole % Mn added 
S(II) 25~30aj BaTi 03 + 4wt7o 02 (1100°C/15 min) 

C- 0.4 mole % La+I wt% AHOs added S(II) 25-30 /j 
B aliOs +4v;/t 7o Gi (+0.025 moleVo Mn) (1100°C/15 min) 

D- 0.4 m.olc 7o La + 1 wt% AI 2 O 3 added 5(11) 25-30 .u 
BaTi 03 + 4 wt 7o G 2 (+0.025 molc7o Mn)(n00°C/ 15 min) 



are t>{::’Served . /iraong simultaneous and separate addition of Mn 
later method produced overall better characteristics. 

Further work can be done with the above knowledge, 
and with the following informations: 

1 . To get higher value of dielectric constant 
rigger particle size in 20-50 11 range (58), and lowest poss- 
i,ole bulk resistance (59) are main criteria. With smaller 
particles Icwer resistivity is observed. Starting material 
had the average particle size value 4 p, . Bigger particles 
had the value in 17 to 19 p range. So^effect of intermediate 

^ ' 'i . . of starting material with additives (59) (to increase 
the grain size to the reguired value) to decrease the resis- 
tivity value below 9000 ohm-cm can be checked. 

2. To decrease the resistivity value to a larger 
extent, effect of other dopants like Sb and Dy (59,38) and 
the effect of inert and reducing atmospheres (38,59) can be 
tried. Inert and reducing atmosphere will definitely improve 
the properties. But the preparation cost also will increase 
enormously. 

3. glass with Mn produced better behaviour. 

Effect of higher concentration, preferably in steps of 0.005 
mole % Mn rise, keeping concentration constant, can be 
checked. Many people report the better behaviour of CuO 
added samples (55 >5 9). So its effect with G^ glass can be 
studied and the effect of Mn and Cu ions can be compared. 



Appendix I 


A.i. Determination of Bismuth Oxide in Glass Sample (60); 

A known quantity of the glass sample (about 500 mg) is 
dissolved in 10 ml of concentrated nitric acid by gentle 
h..:atin 9 and the solution is diluted to 250 ml. To 25 ml of 
the above solution, taken in a conical flask 3 to 4 drops of 
indicator solution (0.1% pyrocatechol violet) is added and 
diluted to about 100-150 ml. If the solution is not clear 
blue, dilute ammonia solution is added in dropwise until the 
violet colour changes to blue. Now the pH is checked and 
adjusted to about 2. The solution is titrated against 0,01 M 
EDTA solution until the colour changes to clear yellow. The 
fi-i is checked several times during the titration, especially 
in the vicinity of the end point. 1 ml of 0.01 M EDTA = 2.090 
mg of Bi. From this amount of Bi^O^ is calculated. 

A. 2. Determination of Lanthanum in the Commercial Lanthanum 
Oxide : 

About 250 mg of the oxide is dissolved in the minimum 
quantity of nitric acid (1 + 1) by gentle heating. The solu- 
tion is made upto 250 ml. To 50 ml of the above solution 
excess of EDTA is added. EDTA will complex with the lanthanum 
present in the solution. The pH of the solution is adjusted 
first to 3 by 0.5 M ammonia and then to 5.5 to 5.9 by hexamine. 
The EDTA left after complexation is removed by titration with 
0.01 M zinc solution to pink colour using xylenol orange as 
indicator. Excess of ammonium fluoride followed hv 100-200 nv. 



;*icorbic acid is added to the resulting solution^ heated to 

cooled and then liberated EdTA titrated against zinc 


-lOxatlon to pink colour. 1 inl of 0,01 M EDTA complexed with 

lanthanum solution corresponds to 1.3891 g of La. From this 

the actual amount of La„C- is calculated. 

z 6 


A. 3. Deternxination of TiCl^ in 10 ml of the Stock Solution (6l) 
10 ml of the stock solution is diluted to 250 ml. 

20 ml of the above solution is pipetted out into a clean beaker. 
..icidified with 20 rnl concentrated hydrochloric acid and cooled 
to 10°C. To the cooled solution a freshly prepared 5 percent 
aqueous cupferron solution is added slowly and with constant 
vigorous stirring. First a yellow precipitate of titanium 
cupferrate is formed and the addition of cupferron reagent is 
continued till the formation of a white precipitate. The 
formation of the white precipitate indicates that the reagent 
is present in excess. The precipitate is removed by filtration 
while it is cold, through a No. 41 filter paper. This is 
washed several times with 10% by volume of hydrochloric acid 
containing 1.5 g of cupferron per litre, then twice with 5 N 
ammonia solution to remove excess of cupferron and finally 
once with water. The precipitate is ignited in a previously 
weighed silica crucible gently at first and then strongly. 

This is weighed as Ti02, From this weight of TiO^ the weight 
of TiCl^ present in the solution is calculated. 

79.9 g TiCl 2 corresponds to 189.9 g TiCl^. 
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